Abstract: In powertrain analysis, simulation of driveline models are standard tools, where efficient and accurate simulations are important features of the models. One input signal with high impact on the accuracy is the road slope. Here it is found that the amplitude discretization in production road-slope sensors can excite vehicle shuffle dynamics in the model, which is not present in the real vehicle. To overcome this problem road-slope information is analyzed with the aid of both measured and synthetic road profiles, where the latter are generated from regulatory road specifications. The analysis shows that it is possible to separate vehicle shuffle resonances and road-slope information, and designs are proposed for on-and off-line filtering of the road-slope-sensor signal in spatial coordinates. Applying the filter to measured data shows that vehicle shuffle is significantly attenuated, while the shape of the road slope profile is maintained. As a byproduct the use of smoothing the rolling resistance is shown.
INTRODUCTION
When analyzing powertrains and their controls, the results will of course depend on the model but also on the input signals. The quality of the input signals have a big impact on simulation results, e.g. noise components in the inputs can have a profound effect on the outputs. A motivating example is given in Figure 3 where powertrain oscillations are induced due to sensor discretization levels, of integer percentage points, in road slope.
This example of discretization noise in the road-slope signal and how it influences simulated dynamics of a driveline is in focus here. Attention is also given to how a measured road-slope-sensor signal can be filtered so that the high frequency content, that can excite driveline dynamics and might result in vehicle shuffle, is removed while the relevant information is maintained. This is of importance when powertrains are simulated for control applications where vehicle shuffle has to be avoided. Examples of such control applications are vehicle-speed control, (Pettersson and Nielsen, 2002) , driver-filter design, (Gerhardt et al., 1998) , gear-shift control, (Fredriksson and Egardt, 2003) , (Pettersson and Nielsen, 2000) , and launch control, (Garofalo et al., 2002) , (Dolcini et al., 2008) .
Little work exists in the area of analyzing and filtering road slope data, even though road-grade information is used in different applications. For example Gao et al. (2011) studies road slope estimation and also how an incorrect estimation of the constant road slope effects the control of clutch disengagement. Estimation of the road slope for various applications is also treated in e.g. Lingman and Schmidtbauer (2002) , Sebsadji et al. (2008) and Bae et al. Vinnova industrial excellence center LINK-SIC and Scania CV have supported this work.
(2001). In Sahlholm (2011) , where a road slope estimator is developed, low frequency errors are introduced to study the effect on look-ahead control and motivate the need of a good road grade estimator. Sahlholm (2011) filtered the road data using a third-order Butterworth low-pass filter with spatial cut-off frequency of 9 · 10 −3 m −1 before being used. In the related literature there is no quantitative analysis of the frequency content in the road-slope data.
A driveline model is developed for analysis of the interaction between road-slope data and vehicle shuffle. Measurement data is collected from a heavy duty truck, in order to both validate the model and to get realistic signals for the study. In addition the frequency content of different roads is analyzed, both theoretically and through measured road-slope data.
POWERTRAIN MODEL
In order to investigate how the quality of the road-slope signal affects simulation, a simulation model is required. A longitudinal model of a heavy-duty truck has therefore been developed. The model has to capture important dynamics in the driveline and how they make the truck shuffle. The model is an extension of the model in Pettersson (1997) that was used for evaluation of oscillation damping by engine control during tip-in maneuvers. Pettersson (1997) identified the important flexibilities in the driveline that cause vehicle shuffle and therefore the same model structure is used here. The model is built in a modular way and then condensed into a state space model. 
Internal Combustion Engine
The ICE produces the engine torque, M e , that is given as model input. Note that this is the net (brake) torque of the ICE, e.g. M e = 0 with open clutch will keep the engine speed constant.
Clutch
The clutch is modeled in three separate parts. The actuator, the clutch disc where slip might occur, and a torsional part that is flexible.
Clutch Actuator The clutch position, x, is normalized by its maximum stroke, x max to get a relative position. The relative position is assumed to have an effective range, x eff where the resulting normal force between the clutch plates are unsaturated. This effective range is transformed so that 0 corresponds to zero normal force and 1 corresponds to maximum normal force. This transformed signal is assumed to be proportional to the applied normal force.
The natural output from the actuator is the clamping force, F N . Nevertheless the clamping force is directly recalculated into a transmittable torque, M trans = kµF N , that is used as actuator output. There are two friction coefficients, one static, µ s , and one dynamic, µ k . Let µ k be part of k clutch and define the ratio of the friction coefficients, k µ = µs µ k
. Then the equations for the clutch actuator become:
Note that (2) is a simple model of the slipping clutch compared to Myklebust and Eriksson (2012) . Note that no synchronizers are modeled and the model can not engage neutral gear. Therefore gear shifting will be instantaneous. This is an acceptable approximation when the clutch is disengaged, since the transmission input side has low inertia compared to the rest of the vehicle.
Clutch Disc
With the statesθ p , θ p , and θ t the equations become:
Propeller Shaft
The flexible propeller shaft is modeled in the same way as the clutch flexibility, (13). The equation for the propeller shaft is:
Final Drive
The final drive with differential is assumed to act symmetrically on the drive shafts. Therefore it can be modeled as the transmission but with fixed gear ratio, i f , and inertia, J f . With the statesθ d , θ d the equations become:
Drive Shafts
The flexible drive shafts can, with the symmetrical differential, be lumped into one and modeled in the same way as the clutch flexibility, (13). The equation is:
This is the main flexibility in the driveline.
Vehicle Dynamics
The non-driveline parts that affect the longitudinal dynamics are modeled in this block. That is, the wheels and vehicle. Tire dynamics are neglected and rolling condition is assumed. The wheels simply consists of a radius, r w , an inertia, J w and a rolling resistance force, F r .
Model inputs that directly affect the vehicle dynamics are braking force and road-slope angle, α (in radians). The road-slope angle is used to calculate the gradient force that is added with the braking force, rolling resistance and aerodynamic drag. The sign of the vehicle velocity is used so that rolling resistance, braking force and air resistance will oppose the vehicle movement.
The drag forces are subtracted from the drive shaft torque and divided by the vehicle mass, m, in order to calculate the vehicle acceleration, a, which is integrated to velocity and fed back to the drive shafts as angular velocity.
Discontinuity of Rolling Resistance
The rolling resistance has a static component that changes sign with the velocity of the vehicle. Around zero velocity this leads to a large discontinuity in the rolling resistance. If this is not properly handled there can be significant oscillations in the vehicle velocity and loading torque. See Figure 2 for a simulation example of this. One possibility is to In the upper right plot it is seen how the rolling resistance is constantly switching sign during the first ten seconds of the simulation. In the lower left plot it is seen in addition how the acceleration is switching, while the speed is practically zero, upper left plot.
use a state machine to control the states and transition between rolling and stand still. Another simpler cure to this problem is to smooth the rolling resistance using e.g. the following smoothing function
where v is the vehicle speed (in m/s) and c sr is a tuning parameter. A smaller c sr gives more smoothing, which speeds up the simulation more but affects the rolling resistance higher up in the speed range. Here c sr = 16 is selected as an empirical value that gives large reductions in simulation time without a significant effect on the rolling resistance at speeds above 0.5 km/h, see Figure 3 . The simulation time was reduced with up to 85% when the smoothing function was used in cases similar to that in Figure 3 .
With the states v (v = a) and θ w the equations become: model. In the upper right plot it is seen that the rolling resistance does not increase until the velocity starts to increase (upper left plot). Moreover the acceleration can be seen to be zero until movement starts. Moreover it can clearly be seen that when the driving resistance, due to discretization levels of road slope signal, makes steps, at 110 s and 120 s, there are longitudinal oscillations.
State-Space Model
The vehicle speed, y = v, is the output and the velocities and torsions are chosen as state variables
In order to get a compact representation of the model, the engine torque, g 1 = u 1 = M e , and driving resistance, g 2 = F dr = F r + F a + F g + F b = F r + F a + u 2 , are collected into two separate signals. In the analysis in Section 3 the clutch is closed, gear is fixed, and velocity is positive. Then the system can be conveniently written as:
with, 
Linearization
The Bode diagram is used to analyze the gain and resonances in the system, and to facilitate this the system is linearized. Noting that the only non-linearity in the statespace model is in g 2 we can easily do the linearization by augmenting the A-matrix. This is done by doing the firstorder Taylor expansion around v 0 of the aerodynamic drag
giving the addition
to element a 7,7 in A. The constant terms in the linearization are taken care of by the torque and torsions that correspond to steady state at v 0 .
were A aug is the A-matrix augmented with ∆a 7,7 .
Model Validation
The modular truck model has been validated using measurements from tip-in and tip-out maneuvers. Measurements of engine torque and road grade have been used as input for open-loop simulation of the model. Note that it is of great importance to have accurate road-grade information, when simulating the system. Otherwise the vehicle speed would have a large drift compared to the measurement. The model agrees well with measurement data for low gears, see Figure 4 , and quite well for high gears, see Figure 5 . In the latter case there were some small high frequency oscillations that were not captured in the model. Nonetheless the main vehicle shuffle frequency and amplitude have been captured in both cases. Therefore the model is suitable for simulations of cases where vehicle shuffle is a concern. 
SLOPE SIGNAL EFFECT ON SIMULATION
The linearized state-space model (30) is used to investigate the effect of a discretized slope signal on vehicle shuffle. First, no braking is assumed. Second, for slopes less than 20%, sin(α) can, with great accuracy, be considered equal to the road slope in percent (= tan α). Since roads made for heavy duty trucks in Sweden have a maximum slope of 12% (highways have a maximum of 8% slope), (Swedish Road Administration, 2004) , this is a very sound simplification. These two assumptions make u ∆,2 proportional to the road slope, and therefore suitable as input signal for this study.
The truck has been simulated, in first gear with constant engine torque, using a measured driving resistance as input. The measured driving resistance contains three pulses, one long and two short, see Figure 6 . The changes in driving resistance are due to that the road-slope signal is discretized in amplitude. This kind of signal contains a very wide frequency range. Therefore it induces oscillations in the driveline that are visible alongside the ramp changes in velocity. This can be explained by viewing the Bode plot of the system found in Figure 7 . In the bode plot, there is a resonance peak in the transfer function from F dr to v. This peak is the reason for the oscillations, however the peak has a low amplitude compared to the low frequency gain. Therefore the ramp changes in velocity are much greater than the oscillations. Note that also the transfer function from M e to v has a resonance peak that can result in driveline oscillations. Consequently if the system is under feedback, e.g. speed control, then both resonance peaks can be excited by a slope step, leading to even more driveline oscillations.
To highlight this a PI-controller for engine speed control is introduced e =θ e,ref −θ e (31)
(33) where K P and K I are the controller parameters. With the speed controller the results in Figure 7 and Figure 8 are obtained. The driveline oscillations are now more clearly seen as well as the resonance peak in the transfer function from F dr to v, which now also attains its maximum at the resonance. A better tuning or a more advanced controller could perhaps avoid the oscillations in the closed loop case, but this would only cure the symptoms and not the cause, which is the high frequency content in the input. It can thus be concluded that some kind of filtering should be applied to the road slope signal.
It should however be noted that the occurrence of the sharp resonance peak, and therefore the need for filtering, is dependent on the selected gear. In the closed loop case, higher gear means that the peak in the transfer function moves towards lower frequencies, while in the open loop case it moves slightly towards higher frequencies. The peak also becomes less pronounced with higher gear numbers and vanishes at gear eight. So no filtering is needed for gears higher than seven. 
ROAD FREQUENCY
When filtering the road-slope signal, it is of great interest to keep the important information in the signal. In order to achieve this it must be understood how a road-slope profile typically looks like.
According to official road-design policies (see Swedish Road Administration (2004) for Swedish and AASHTO (2004) for US), the road segments between constant slopes have a parabolic shape,
where z is the elevation, x the longitudinal position and R the curve parameter. The parabola works as an approximation of a circle with radius R. For Swedish highways (89 km/h for heavy duty trucks) R can be as low as 1250 m and in cities (50 km/h) R can be as low as 300 m. The slope can be calculated as, T . For both cases y = v. It can be seen that the resonance peaks vanishes at eighth gear. For the closed loop case, in the right plot, the peak moves towards lower frequencies as the gear number is increased. can be seen when one-percentage-point pulses in road slope are present. Engine speed is kept constant by a PI-controller.
As stated earlier, slopes can be considered small and together with x ≈ vt it yields,
This means that the slope varies as a piece-wise linear and continuous function. A piece-wise linear function contains sharp knees and has an infinite frequency content but the amplitude decreases with frequency. To get an idea of the spectrum a synthetic road is constructed by picking a number of random inclinations with random lengths, then connecting these slopes with vertical curves of random radii. For simplicity reasons uniform distributions are assumed for all variables. The inclinations have been selected from the range dictated by Swedish Road Administration (2004). The radii have been selected from a narrow range above the minimum value. The range of the slope-length distributions are set exponentially with respect to the inclination, with flat ground giving the widest range. This is to mimic that in reality flat segments usually are longer then steep slopes. These assumptions are used to construct an approximation of a worst-case road. The resulting frequency spectrum is seen in Figure 9 . Most of the power is in spatial frequencies below 3 · 10 −4 1/m.
This theoretical "worst-case road" has been complemented with frequency spectra of different measured road segments 1 that indicate similar cut-off frequencies and rolloff rates, Figure 9 . This indicates that the synthetisation method is sound and therefore it has been used for making a city road (50 km/h speed limit). The different limitations on maximum slope and R results in a road with higher frequency content. The main power is below 1 · 10 −3 1/m. Fig. 9 . Frequency spectra for five measured highways (blue solid), one synthetic highway (cyan dashed), and one synthetic city road (green dotted). They all have similar shapes and most of their energy in frequencies below 1·10 −3 1/m. The two shorter curves correspond to segments of the longer roads. The two black vertical lines mark the cut-off frequency and the -30 dB frequency of the filter.
Looking at the data for the road slope frequency content, Figure 9 , and the Bode diagram for the model, Figure 7 , one sees that the road data starts to fall off for frequencies below the resonance frequency of the driveline. This provides an opportunity to reduce the problem of oscillations by filtering the road slope signal. Especially since the Bode diagram represents the case with lowest spatial frequency (highest speed for each gear), which represents the worst case with minimum separation between frequencies. 
FILTER DESIGN
The design rules for the filter are that it should have little impact on the naturally occurring road frequencies and damp those that could excite driveline oscillations.
According to the investigation in the previous section the important road frequencies lie below 1 · 10 −3 1/m, the location of the knee of the synthetic city road. However note that the two shorter segments in Figure 9 have a later roll off than the long roads because these particular segments are rich on high frequency content. Likewise choosing the filter cut-off frequency at the knee of the city road profile might lead to filtering of naturally occurring frequencies on a segment of this profile. Therefore the cutoff frequency is taken with one decade of margin compared to the knee, i.e f co = 4 · 10 −3 1/m. However there is never any guarantee that no real frequencies will be filtered as the theory have shown an infinite frequency content.
Frequencies that need to be damped are those around the resonance peak, see Figure 7 , that exists for gear seven or lower. Maximum speed in seventh gear is about 50 km/h so it makes sense to choose f co from the city road. The lowest frequency for any resonance peak is f lo = 2 · 10 −2 1/m, which is that of gear seven in closed loop. As the resonance peak is quite low in seventh gear, -30 dB of attenuation is chosen at f lo . The filter will naturally attenuate more at the peaks for lower gears.
These requirements can be fulfilled by, for example a third or higher order low pass Butterworth filter with a cut-off frequency of 4 · 10 −3 1/m (-40 dB at f lo ). Note that while on one hand higher order gives a steeper gain curve and more margin to the requirements, on the other it gives more phase lag, i.e. time delay. In addition a higher filter order is more complex so computation time will increase. Therefore the lowest possible order is desirable in an online application. It might also be desirable to filter in the time domain, in that case the filter will be speed dependent. In an off-line application computational time is of less importance and the signal can be filtered both in the forward and reverse direction in order to get a zero phase filter.
6. RESULTS Figure 10 shows that third order filtering of driving resistance effectively eliminates the oscillations in both first and seventh gear. In Figure 11 it can be seen that the high frequency content in the road slope sensor is significantly reduced whereas the real road profile is essentially the same. A road profile together with causally and non-causally filtered versions are displayed in Figure 12 , showing that the general behavior of the road profile is preserved. It can thus be concluded that the filter design works as intended. Furthermore a third order filter is sufficient even in the off-line application, where it would be trouble free to increase the order.
CONCLUSIONS
In this paper a model that describes vehicle shuffle of a heavy duty truck has been summarized and validated. Special emphasis was given to the interaction between driveline and road. In particular it was shown that smoothing the rolling resistance around zero speed gives a significant reduction in simulation time for driving with start and stop scenarios. Fig. 11 . A real road profile in solid. With its filtered ditos in dashed-doted (non-causal) and dotted (causal) slightly below (hard to tell apart). The short measured slope signal is also found in solid. It too has its filtered dito in dashed-doted (non-causal) and dotted (causal) below. The measured signal has lost a lot of its high frequency content whereas the road profile has kept its low frequency content. Just as intended. Furthermore, experimental data from a production road slope sensor was shown to have a big impact on the simulation of the vehicle. In particular the high frequency content, introduced by amplitude discretization in the sensor, was shown to excite driveline oscillations. The oscillations also become more pronounced when the driveline had a feedback speed controller.
The frequency content in a theoretical worst-case road and measured roads, have been investigated and found to be below the resonance frequency of the model in every gear. It was also shown that the frequency separation was large enough to make a low-pass-filter design possible for the road-slope sensor.
Finally a design is proposed for a filtering method consisting of a low pass Butterworth filter in the spatial domain that eliminates erroneous behavior caused by high frequency disturbances in the slope signal, e.g. discretization. Applying the filter to measured data shows that the driveline oscillations are significantly attenuated, while the shape of the road-slope profile is maintained.
